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A method of characterizing heteroepitaxial structures using hybrid multiple diffractions (hybrid 
MD) which appear in the layer Renninger scans (RS) together with the normal MD features, 
is reported. The three beam surface MD cases are used to provide high intensity and structural 
sensitivity. The RS peak measurements around the symmetry mirrors allow for the layer parallel 
lattice parameter determination. A simulation program was developed in order to account for 
the influence of the wavelength, incident beam divergence, sample mosaic spread, and substrate/ 
layer lattice misorientation in the correct position and profile of the RS peaks. GaAs/Si samples 
with different layer thicknesses have been analyzed as an application of the method. 
I. INTRODUCTION 
In the multiple diffraction (MD) phenomenon, a set of 
sample planes called primary, is adjusted to diffract the 
incident beam. By rotating the sample around the primary 
reciprocal lattice vector, several planes (called secondary) 
within the single crystal with arbitrary orientation also dif- 
fract. The interactions among the primary and the several 
secondary reflections are established through the coupling 
reflections.’ These interactions appear in the IPrimary x 4 
(rotation angle) pattern called Renninger scan (RS) .2p3 
Due to both the symmetry axis of the chosen primary vec- 
tor and two diffraction conditions represented by the en- 
trance and exit of the secondary reciprocal lattice point 
(RELP) on the Ewald sphere under C,?J rotation, the RS 
shows mirrors of symmetry throughout the pattern. Of 
particular interest are those secondary beams diffracted 
parallel to the primary planes (surface secondary beam), 
since they should carry information on the sample surface. 
When the RS is obtained for a heteroepitaxial layer on top 
of a substrate, one can observe, under certain conditions, 
the contributions of the normal layer MD path (secondary 
and coupling reflections in the layer lattice-LL peak) to- 
gether with those due to the substrate-layer interactions 
called hybrid MD path4 (secondary reflection in the sub- 
strate lattice and coupling in the layer lattice-SL peak). 
Recently,5 the conditions for occurrence of hybrid MD 
in a RS as well as their successful observation in these 
scans were reported. The complete knowledge of the hy- 
brid MD allows for the characterization of epitaxial struc- 
tures, since information from substrate and layer lattices is 
available in the same RS. 
Usually, the measurement of asymmetrical reflections 
in double-crystal x-ray diffraction is a very useful tech- 
nique for studying heteroepitaxial structures,6’7 mainly be- 
cause it provides the necessary two-dimensional informa- 
tion in both perpendicular (ha/a) I and parallel (ha/a) 11 
directions relative to the substrate/layer interface. The pos- 
sibility of getting tridimensional information on the crystal 
lattice with the use of an extremely asymmetrical reflection 
(surface secondary reflection) providing (ha/a) I, with 
better precision makes MD a powerful technique for the 
characterization of heteroepitaxial structures. Further- 
more, other parameters such as layer mosaic spread and 
misorientation between the lattices, can also be determined 
from a RS. In this paper, a method is presented to attain 
these parameters based on the simulation of position and 
profile of the RS peaks. Here, it will be applied to the 
GaAs/Si (00 1) system. 
II. RENNINGER SCAN PEAK PROFILE FOR MOSAIC 
CRYSTALS 
In the present development, just three-beam MD cases 
(incident, primary, and secondary) will be taken into ac- 
count, by using the Kossel construction for MD.8 The in- 
cident beam in the reciprocal space is represented by the 
double wave vector r = -2kc, where ) r ) = R =2/k The 
primary beam direction is represented by r’. g, is the pri- 
mary reciprocal vector, whereas the beam diffracted by the 
secondary planes (gi) has its direction given by rl. Figure 
1 shows the geometry involved in the exact condition for a 
typical three-beam MD case. In this example all three 
beams are coplanar. 8i ( =-OFgg) and e2 ( =Opgg) are the 
Bragg angles for the secondary and coupling reflections, 
respectively. 
Here, we consider only the three-beam cases in which 
the primary reflection is either forbidden by the crystal 
space group or presents a weak intensity compared with 
the secondary beam one. Under these circumstances, the 
intensity diffracted by the g, + g, MD path is proportional 
to the product of two Gaussians,’ 
I=Id(exp( -$)eXP( -‘;fT$2)s (1) 
where K is a proportional constant related to the linear 
reflectivity coefficient, vi and q2 are the mosaic spreads 
relative to the secondary and coupling planes. For hete- 
roepitaxial structures, since these planes can be in the layer 
or in the substrate lattice, ql can be different from q2. 
The angular deviations are A& =8pgg-& and A0, 
= Opgg- 02, where 
4218 J. Appl. Phys. 73 (9), 1 May 1993 0021-8979/93/094218-09$06.00 @  1993 American Institute of Physics 4218 
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
143.106.108.134 On: Tue, 23 Jun 2015 14:53:34
Incident 
beam 
f 
Primary 
beam 
FIG. 2. Directions of the reciprocal vectors g, (secondary), g, (cou- 
pling), and r (incident beam) in the system defined by g, and m. 
FIG. 1. Geometry of a three-beam MD case. The incident beam is simul- 
taneously diffracted by the primary and secondary planes. In turn, the and 
secondary beam is diffracted by the coupling planes towards the primary 
direction. (b) r*g2=2gl*g2+ Ig212. 
These equations can be expressed in terms of w and C$ 
giving 
and 
(2a) cos~~~a,)~~~~~~I~lI-s~~~~s~l, -_ 
cos w sin y1 
cos(+cr,) 
(5) 
(2b) 
Usually, the secondary beam direction rl has been taken as 
rl=2g,-r in which rl is only a function of r.9 To consider 
the diffraction occurrence due to mosaic blocks deviated of 
A8, from the exact Bragg condition for gl, the secondary 
beam direction rl should be considered as5 
r1=2g1--r--2A&(g,--r)tan 0y (3) 
in order to obtain a better simulation of the MD peak 
profile. Thus, the angular deviations are given by 
and 
(43) 
= (~/2)[(2g~.g2+lg212)/lg211-sinwcosrz, (6) 
cos co sin y2 
where ai,2 and Y,,~ are the angles which describe the di- 
rections of g,,, vectors in the same system used to define w 
and 4, Fig. 2. 
By taking ge=gl +g2 parallel to the rotation axis, a2 
=al+n-. Hence, hei and At3, will be both zero for the 
same I$ only if the incidence angle is the primary reflection 
Bragg angle, i.e., sin o = (L/2) I g, I . This condition is 
shown in Fig. 3. Under this circumstance, any of these two 
equations can be used to provide the analytical expression 
for the maximum 4 position of I(w,c$). 
When one is dealing with heteroepitaxial structures 
other effects as misorientation between layer and substrate 
lattices, layer lattice distortion, layer (qL) and substrate 
where x=tan 8~gg(A6Jl). 
From Eq. (4), the dependence of A& and he2 on the 
incident beam direction (r) is clearly obtained. This direc- 
tion will be expressed as a function of the ($,a) angles in 
the RS, C$ being the rotation angle and o the angle between 
the incident beam and the substrate primary plane as de- 
fined elsewhere.5 Thus, Eq. ( 1) allows for the simulation of 
the position and peak profile of the MD contributions by 
using these angles, i.e., I=I( 4,~). In case of heteroepitax- 
ial structures, Eq. ( 1) also allows for the simulation of 
hybrid MD peaks. 
The secondary and coupling Bragg conditions must be 
fulfilled in order to have A&J, =0 and AB,=O, then 
(4 r-a= Ial2 
FIG. 3. Secondary (Af3,=0) and coupling (Ae2=O) Bragg conditions 
in the o X 4 plane. The cross point A represent the fulfillment of both 
conditions. 
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(7s) mosaic spreads and also the x-ray refraction at the 
interface should be taken into account. These effects will be 
analyzed next. 
III. MISORIENTATION BETWEEN LAYER AND 
SUBSTRATE LATTICES 
If the crystallographic axes corresponding to the layer 
and the substrate are not strictly parallel each other, they 
can be related by a rotation matrix L%? which describes the 
misorientation between both lattices. 
In order to study this effect let us define 
gL=hlbf+h2b;+hsb,l= j, ‘abt 
as the layer reciprocal lattice vector, where bf = ( l/a~)b~, 
and (a~,&,& are the dimensions of the layer unit cell 
(d&c). 
The elements Rap of the rotation matrix 2%’ allows a 
description of the layer crystallographic axes in terms of 
the substrate crystallographic axes, i.e., 
ii;= c Rc& 
P 
It should be pointed out that the layer and substrate recip- 
rocal lattice vectors can be related by using the same rela- 
tionship that applies to the unit vectors, which gives 
where 
are the modified Miller indices describing the gL vector in 
terms of the substrate reciprocal lattice vector b$ 
In general, this misorientation is called relative tilt” 
(or simply called tilt) and often occur when the layer was 
grown on a miscut substrate. The ~3%’ matrix that describes 
it can be written as a product of the rotation matrices: 
swd=(~; ; ;IqP) 
and 
..,,,=( :yi Iii: 8) 
around the directions YS and 2, showed in Fig. 4. The 
projection # of the tilt on the substrate miscut direction 
and the angular deviation A$, between the tilt and the 
substrate miscut directions are also depicted in this figure. 
Thus, in order to consider the tilt between the lattices, the 
rotation matrix appears as 
I‘\. 
, . . . I 
\ Direction 
FIG. 4. Relative tilt direction ($,q) in the substrate system. 
As an example, this development can be applied in case 
of heteroepitaxial layers grown on [OOl] substrates which 
present miscut towards [llO]. Assuming X=[lOO], 
Y=[OlO], and Z=[COl] and the 9 tilt angle towards [l lo], 
$ which is the azimuthal rotation of the tilt direction is 
then 45”. Thus, the modified Miller indices are 
hi II hl hi 0 
0 
4 -t: 
a2 
-v4 
7Tq 
q-4 
izi$ 
hl 
hz 
h3 I. 1 (7) 
If the layer is composed of several crystallographic 
domains which are randomly distributed in the surface 
layer plane, one can represent them in the simulation by an 
average rotation CT among the lattice domains in the surface 
plane. The lattice of each domain is turned around the 
growth direction, which is defined by (0,&J with respect 
to the substrate crystallographic reference axes. Then, the 
complete rotation matrix considering the tilt and the do- 
main rotation, can be written as 
X~Pz(~)~YY(e,)~.z(~n). (8) 
This application will be useful to account for the rela- 
tive orientation between both lattices providing a better 
determination of the layer lattice parameter. 
IV. REFRACTIVE INDEX CORRECTION 
The x-ray multiple diffraction phenomenon for a single 
crystal requires the refractive index correction only in the 
wavelength value.” However, when hybrid MD involving 
surface secondary reflections are considered, these second- 
ary beam cross the layer/substrate interface at small an- 
gles. i2 This justifies the need of a correction in the surface 
secondary beam direction (r,) after crossing the interface. 
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The refractive indices l--a1 and l-6, represent the 
media which contain the secondary and coupling planes, 
respectively. Using Snell’s law and neglecting second-order 
terms in 6i and S2, one obtains a relationship between the 
secondary beam direction before (rl”) and after (ri2’) 
crossing the interface. Then, it is given by 
(2) R2C31---S2) 
r1 =rp + 
I fi - r{” 1 
3, 
where ii is the normal to the interface towards substrate- 
layer direction. 
Replacing rl by ri2) in Eq. (2b) and taking ril) from 
Eq. (3), the angular deviations become 
(94 
and 
Ae2=e~ragg-Sin-1 (1-2x)r’g2-22(1-x)gl.g2 
Rzlgzl 
“;,;” (6,~-6,) , 
-Ifi*rl I lg2l I 
being R,,,=( l--6,,,)R. 
V. INCIDENT BEAM DIVERGENCE EFFECT 
Recently,* the importance of the incident beam diver- 
gence to the RS peak profile was shown. It is considered 
that the intensity is a function of (4,~) expressed by Eq. 
(1) where the contribution of area illuminated by the in- 
cident beam is taken as the integral over the whole area on 
the 4 Xo plane limited by the slit and the effective focus 
dimensions. . 
I 
This simple procedure allows for simulating the influ- 
ence of the incident beam divergence and the mosaic 
spread separately. When the layer mosaic spread is bigger 
than the Kal-Ka, doublet resolution given by the primary 
reflection, as in the GaAs/Si system, the peaks provided by 
the MD paths in the Kal RS are slightly dislocated due to 
the MD Ka2 contributions. Taking the Ka, into account, 
Eq. ( 1) becomes 
WJ2 W2>2 
-2--- 
2% 24 
a1 
1 
+z exp 
MM2 W2>2 
-x- 24 ’ (10) 
which should be integrated over the x rays’ illuminated 
area. 
VI. SURFACE SECONDARY REFLECTIONS 
A special case of the three beam MD involves surface 
secondary reflections in which the secondary beam is dif- 
fracted parallel to the primary atomic planes. Usually, the 
primary planes are parallel to the sample surface, and these 
extremely asymmetrical cases provide the strongest contri- 
butions in the RS,3 even when the substrate is cut off axis 
as in our investigation. 
All secondary vectors gl satisfying the condition 
2gr * g, = I g, I 2 will generate secondary surface reflections 
in the RS. Then the primary reflection OOL indicates that 
all secondary reflections hkf with /= L/2 stand for sur- 
face ones. Assuming a tetragonally distorted layer with 
a~=a~=all and a [=a, having the tilt given by Eq. (7), 
the condition he, =0, neglecting the C~.J second-order terms, 
can be expressed as 
; 1 (h2+k%z; +e2/uf I- sin@[fi=l -p(h+k)/a,, VT] 
cos pr;= 
cost (h2+k2)/=i +q’%d”u, )[(h+k)/q ] ’ 
(11) 
where pL=#L-aP From this we can see that the q~ effect 
on the RS peak position is minimized when secondary re- 
flections with h+ k=O are used. 
cos p,y= 
(/2/2as)(h2+k2+p)-Lsino 
,/h2+k2 cos w . 
(13) 
The position of the L L peak is obtained from Eq. ( 11) 
when the incident beam is at the layer primary Bragg angle 
(i.e., A0,=A02=0). Then, in cases when h+k=O, Eq. 
( 11) can be written as 
One can obtain the influence of (ha/a)* and 
(As/a) 11 on Afi=pL--& by using the expansions 
cos /3L~cos fls--sin fisA/3 
2 
y [(h2+k2>/u~ +~W-L)/Q~ 1 
cOs pL=~+k%zi; j 1- (ilL/2a1 )2 * 
and 
(12). cm PL”COS PL,)a* =a,, 
a cos /tlL 
=asb&- A=, 1 a* =a,, =as 
Regarding the substrate lattice, the condition hoi=0 
is represented by 
acosp, . 
+ % ) 
Aall 
=I ==I1 ==.T 
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which after some manipulation, turns out to be 
sin &AP=cos P,s--cos Pda, ==,, =as+ 
W~QS> W2+k2+4e-- L)I 
,jh’+#cos - 
(AL/2uS)2[h2+k2+fl/-L)] +244-L) 
+ Jh2+k2 cos3 fmL 
where cos 6$WL= l_ (/zL/~Q~)~.~ 
Equation (14) is very useful for comparing the sensi- 
tivity of lattice mismatch measurements using either asym- 
metrical reflections or the MD method as will be seen later 
on. However, better results in ali can reached if we write 
Eq. ( 12) in the following way: 
Qf - 2&z,, + c= 0, 
with 
B= 
u; j2g 
~ ~~(COS &-sin &AD) 
M(&- L) 
and 
=I (h2+k2> 
c= d&L) * 
Thus 
uf azll = B+ ,/?i=?. (1% 
However, some restrictions come out in the application 
of Eq. (15). In the layer RS, the condition A&= Ae2=0 
cannot be satisfied for the hybrid MD peaks so that, their 
positions are not exactly predicted by Eq. ( 13). In fact, 
these positions are related to Q and qL, or, rather, to the 
ratio between them. Figure 5 shows the uf as a function of 
qs/qk The values A/3 were obtained from the simulated 
GaAs/Si RS by using Eq. ( 1). From the experimental 
viewpoint, Ap can also be determined of the layer RS as 
Ac$~- Ac$~ 
AP= 2 , 
5.67 
5.66 
0a 
T= 5.65 
0 = 
5.64 
5.63 .;, 
0.00 0.25 0.50 0.75 1 .oo 
V-IL 
FIG. 5. Behavior of UC as a function of Q/TU 
I 
where the superscripts L (left) and R (right) represent A$ 
measured at both sides of the mirror of symmetry. 
Therefore, Eq. ( 15) provides an alternative way of cal- 
culating all only when qL is bigger than vs. In general, a 
fitting process using a simulation program should be used. 
Mainly when a relative tilt is present in the sample, a 
parallel lattice mismatch is measured by using the 115 or 
224 asymmetrical retlection,6,7”4 by assuming a tetragonal 
lattice distortion and by determining the interplanar dis- 
tance of the hkeplane given by 
1 A 
dhke = 
,,/(h2+#)/u~ +e%f =2 sin(w,s,e+Aw) 
from the rocking curve measurements with the corre- 
sponding E(Aw) precision, Hence, the precision ~(a11 ) in 
the determination of all depends on e(ul ) and E( AU). 
Below, for the GaAs/Si system, one compares the preci- 
sions ~obtained in all by measuring 115 or 224 asymmetri- 
cal reflections, with that obtained from the three beam 000, 
002, 111 surface MD case, so that 
q15(a,, )=37x lo-%(Aw) +12.5e(a, ), 
~~~~~~~ )=9x lo-%(Aw) +2&i ), 
~~~~~~~~ > =9x lo-%(A#) +0.66e(a, ), . 
where these precisions are in seconds of arc and A, respec- 
tively. The values in e1 ii (all ) were either calculated from 
Eq. ( 15) or the simulation program. 
The advantage of using the surface secondary reflec- 
tion is a consequence of the geometry involved between the 
Ewald sphere and the secondary reciprocal vector shown 
in Fig. 6. During #, rotation, the RELP crosses the Ewald 
sphere on its equatorial plane providing the intersection 
point -1. The point 2 (intersection between the layer surface 
secondary RELP and the Ewald sphere) represents the 
effect of the parallel lattice mismatch (hall ) to the RS 
peak position, tihile point 3 represents the effect of the 
perpendicular lattice mismatch ( Aal ). These effects are 
taken respectively as A411 and A$, . It is clearly observed 
that Aq$,, >AqSI gives rise to a very good sensitivity to the 
surface reflections in the parallel lattice mismatch measure- 
ments. 
Another advantage of using these surface reflections 
*also pointed out here (Fig. 3), is the striking observation of 
the small influence of the precision in the w incidence angle 
alignment to the RS peak position. As an example, the Ao 
influence was tested by using two MD layer cases: the four 
beam 000, 002, 111, 113 Laue-Bragg case and the three 
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a) 
b) 
FIG. 6. Effect of Aad and AuL to RS peak positions. (a) Top view of the 
surface RELP trajectory showing A$11 and (b) side view of (a) to em- 
phasize the effect over AI$* . The magnitude these effects have can be 
determined from Eq. ( 14). 
beam Ooo, 002, 111 surface case. Through the simulation, 
oneobtains A&l.3Aofor 117, 113 caseand A$-0.04Aw 
for 111 one. Therefore, it has been shown that the precision 
in all obtained from the 111 surface reflection method, 
must be better than that obtained from the asymmetrical 
reflection method. 
VII. EXPERIMENTAL 
A divergent x-ray beam from a Cu target with effective 
focus of 50 pmX50 pm was used in the experiments. The 
002 GaAs RS were obtained by using a 115cm-long col- 
limator with an exit pinhole of 0.3 mm in diameter while a 
10 mmX0.05 mm slit was positioned for Bond’s measure- 
men&l3 Steps of 1 arcsec can be achieved during the 4 
scan. Details on the MD computer assisted geometrical 
arrangement with low divergence can be found else- 
where.15 
FIG. 7. The 111 surface secondary beam directions on an asymmetrically 
cut [OOl] substrate. The arrows A,B ,...,H stand for the surface secondary 
beam directions. 0 is the reciprocal lattice origin and the dashed lines - -- 
arising from 0 are the ill, 111,111, and 111 secondary reciprocal lattice 
vectors. 
Rocking curves of the 115 and 224 asymmetrical re- 
flections were carried out on a double-crystal system based 
on a standard Lang topographic camera. A GaAs mono- 
chromator has been used in the 004 setting, providing a 
highly collimated x-ray beam with an angular spread of 
about 14 arcsec. 
The GaAs layers of different thicknesses were grown 
by vapor chemical epitaxy (VCE) l6 on [OOl] Si substrates 
(4” off in [l lo] direction). All samples have a 500 A GaAs 
buffer layer grown at 450 “C. The layer growth tempera- 
ture for each sample is shown in Table I. 
VIII. RESULTS AND DISCUSSION 
The main idea behind this work is, since the contribu- 
tions of the normal layer MD path (LL peak) and of the 
hybrid MD path (SL peak) are observed in the same 002 
GaAs layer RS, information on the layer and substrate 
lattices can be drawn simultaneously by using a fitting pro- 
cess based on Eq. (10). 
These two contributions always appear around each 
one of the four symmetry mirrors permitted by the crystal 
TABLE I. GaAs/Si x-ray measurements. The layer lattice parameters af , 4f , 4;15, and 4r were determined from fitting program, Eq. ( 15) and 115 
and 224 asymmetrical reflection method, respectively. The values with their standard deviations in parentheses were obtained from the measurements 
of the peak gravity center positions. The value 5.4309 A was used as the lattice constant of Si”. 
No. 
angle 
0 
(degree) 
*0.002 
1 702 1.2 15.954 
2 702 0.6 15.917 
3 682 2.8 15.822 
4 681 1.2 15.826 
5 682 0.8 15.880 
Mosaic 
spread 
( arcsec) 
77s r]L 
*3 *lo 
22 220 
25 280 
22 195 
16 275 
13 290 
Misorientation 
(arcsec) 
4 0 
*20 *3 
418 0 
288 15 
20 16 
137 12 
54 24 
41 
*o.o0037 
5.64375 
5.64331 
5.64387 
5.64348 
5.64296 
Layer lattice parameters 
(A) 
UP Uip qy5 q, 
*0.0005 
5.6566 5.6543(17) ... . . . 
5.6553 5.6534(22) 5.6677(59) 5.6560( 13) 
5.6620 5.6570(49) 5.6587(60) 5.6600( 15) 
5.6632 5.6614( 19) 5.6527(64) 5.6550( 13) 
5.6570 5.6558(24) ... . . . 
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FIG. 8. Influence of the tilt to the 004 rocking curve measurements on 
GaAs/Si. 
space group. Fig. 7 shows the substrate secondary beam 
directions corresponding to the ill, 171, 171, and 111 
reflections, relative to the substrate surface. The external 
circle represents the locus of the Ewald sphere center in the 
reciprocal space, during C$ rotation. The positions 
~&$Bt-v #H indicate where each surface secondary beam is 
generated, i.e., in 4A the plane 111 is under diffraction 
condition to generate beam A. As one can observe, the 
beams A, B, C, and D are leaving the miscut substrate 
whereas, the other E, F, G, and H beams are being dif- 
fracted towards the substrate, and then, are absorbed. 
Therefore, only beams A, B, C, and D can cross the inter- 
face (when a layer is present) to allow for the hybrid MD 
occurrence. 
Owing to the miscut substrate, the symmetry of the 
hybrid MD reflections is kept just for the 180” mirror. 
Therefore, the measurement of the LL and SL peak as 
performed on both sides of 180” mirror, allows for (i) the 
adjustment of the exact symmetry mirror positions and (ii) 
the determination of the correct incidence angle o. 
Once CO4 Si is completely aligned, Bond’s method pro- 
vides the perpendicular layer lattice parameter a, required 
by the fitting program. In our case, the angular resolution 
is 0.0025” which limits the precision of the obtained param- 
eter with this method to 0.00037 A. This reflection is also 
useful in order to analyze the tilt of the GaAs layer with 
respect to the Si substrate. ‘Or14 Here, only the projection 9’ 
of the tilt on the 110 planes was measured by taken the 
angular separation in both directions of their maximum 
( AW~) and minimum (hag) values, as shown in Fig. 8. 
Another possibility of obtaining the q’ angle is 
through the difference between the layer Bragg angle $$fd 
(Bond’s method) and the incidence angle w (fitting pro- 
gram). The alignment of the primary reflection determines 
the precision in cp’ calculated by this way. Due to the tilt, 
the alignment of this reflection for both lattices simulta- 
neously, is no longer valid. Figure 9 shows the primary 
diffraction cones for the substrate and the layer with the 
tilt towards [l lo]. In the angular region around 4= 180 
where the measurements were carried out, one can perform 
the layer RS just by taking w= C$$~+CJJ’. 
Wrote 
FIG. 9. Representation of the substrate and layer tilted primary diffrac- 
tion cones in the reciprocal space. 
Figure 10 shows portions of the 002 GaAs layer RS 
around the 180” mirror for different GaAs/Si samples. In 
each case, the scan obtained by the fitting process is com- 
pared with the corresponding experimental one. Steps of 10 
arcsec with 20 s of counting time were used in the hybrid 
SL peak measurements whereas, 20 arcsec with 20 s count- 
ing time were used in the LL peak ones. By using K con- 
stant [Eq. (lo)], the maximum simulated intensity is ad- 
justed to correspond to the maximum of the experimental 
peak for each analyzed peak. The experimental value of the 
002 GaAs layer intensity, which is the layer RS back- 
ground,3 is added to each simulated point. It does not af- 
fect the results, since the important parameters in this 
work, are the MD peak positions (LL and SL) as well as 
the peak profiles. 
From these RS, one can determine the 180” mirror 
positions using LL (4pl) or SL (&To> peaks. However, 
they often do not coincide and the small difference mea- 
@ (deg 1 
FIG. 10. Portions of the 002 GaAs RS for different GaAs/Si samples 
The experimental (dot) and the simulated (solid line) scans show the 
normal LL and the hybrid SL peaks at both sides of 180’ symmetry 
mirror. The SL peaks are those generated at #A and q5c positions (Fig.7). 
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AU (deg) 
FIG. 11. Relative rotation between the mirrors of symmetry of the layer 
and the substrate as a function of the azimutal rotation A$ of the tilt 
direction. The substrate direction [OOl] was set parallel to the q5 rotation 
axis. The solid line (-) stands for q~=200” and the dashed line (-----) 
stands for q= 100”. 
sured between $22 and C&T can be attributed to (i) the 
rotation (T of the domains which is given directly by the 
difference c@~-&~ and/or (ii) the azimutal rotation A$ 
of the tilt direction. Figure 11 shows the behavior of the 
above-mentioned difference as a function of the angular 
deviation between the tilt and the miscut substrate direc- 
tions. Even though these effects can occur at the same time, 
we consider just the former one (a rotation of the do- 
mains) in the fitting process since, for this set of samples 
there is no possible way to relate cp’ and (T as shown in 
Table I. It should be pointed out that although the ob- 
served o value is very small, of the order of 15 arcsec, its 
influence is clearly necessary in order to obtain a very good 
match with the experimental LL and SL peaks in both 
sides of the mirror. 
As the illuminated area is small compared with the 
whole sample surface, each region present a specific CJ 
value. Therefore, it is important to keep the same illumi- 
nated area during 4 rotation, by properly aligning the in- 
cident beam in the Eulerian cradle center. 
One can also observe in Fig. 10 the slight difference in 
the shoulder of the simulated peak, when compared with 
the experimental one. The explanation is that the mosaic 
spread is the unique lattice imperfection considered in this 
development. Moreover, the sensitivity of the simulation 
program can be observed through the very good agreement 
attained in each comparison. As a check of the fitting, the 
reliability factor (R ) weighted by the experimental inten- 
sities, was calculated by using 
R=lOCI 
~~Exp~lCalc-lExp~ 
xx, ’ 
where the summations are over all points on the peak un- 
der investigation. I,rC stands for the theoretical intensities 
k WI and IExp are the corresponding experimental in- 
tensities. Typical R values are of the order of 6.0 for the RS 
showed in Fig. 10. 
The input data for the fitting program consist of (i) 
incident beam divergence, (ii) wavelengths (K,, and K,z), 
(iii) substrate lattice parameters, (iv) Miller indices for 
the primary and the secondary reflections, (v) al (Bond), 
(vi) measured tilt angle q=q’ and growth direction 
(~&C&J, (vii) refractive indices for layer and substrate,” 
(viii) starting value for 7s and qL, (ix) starting value for 
the incidence angle w = eBond o 2 , and finally (x) starting value 
for all =aGaAs. 
The necessary adjustments to obtain a very good fit of 
the SL peaks have to be made in the following order: 
substrate mosaic spread ( qs), substrate 180” mirror posi- 
tion (zero correction) and incidence angle w. As to the L L 
peaks: layer mosaic spread ( qL), layer 180” mirror position 
((T correction) and parallel layer lattice parameter (a11 ). 
Table I shows the value of the incident angle (w), the 
substrate (Q) and layer ( qL) mosaic spread, the relative 
rotation between the layer and the substrate lattices (a), 
the tilt angle (a), and the layer lattice parameters (a, and 
cl11 > for the five different analyzed GaAs/Si samples. uf 
comes from Eq. (15>, CZ~‘~ and af4 were obtained using the 
asymmetrical reflection method and finally, c#’ is the value 
obtained by the fitting process developed in this work. 
It should be noted that repeated RS taken with the 
beam hitting the same sample area, provide results which 
are always within the estimated errors. 
In the SL hybrid peak case, the refractive index cor- 
rection developed in this work for the secondary beam 
direction, does not affect the SL peak position, due to the 
large layer mosaic spread in comparison with the substrate 
one. On the other hand, the LS hybrid peak (secondary in 
the layer lattice and coupling in the substrate lattice) al- 
though very weak and broad, in principle, should have 
enough sensitivity to detect the deviation in the secondary 
beam direction, after crossing the interface. The informa- 
tion which can be drawn from this peak position is under 
investigation. The shift in the LS position due to the re- 
fractive index correction (using Ssi=O.75 X 10F5 and 6oaAs 
= 1.5 X lo-‘) ” obtained by simulation, is of the order of 
110 arcsec for on axis cut substrates and 16 arcsec for 4 
miscut (in [l lo] direction) substrates. 
IX. CONCLUSIONS 
A new method of characterizing structural properties 
of heteroepitaxial structures by using hybrid MD occur- 
rence in RS is presented here. These occurrences in the 
layer RS, together with the contributions from the layer 
lattice, provide the necessary internal standard to allow for 
the layer characterization. 
A fitting program to account for the position and pro- 
file of the RS peaks was developed. In its application, the 
exponential part of Eq. ( 10) is calculated, K is used as a 
normalization constant and, since a forbidden or very weak 
primary reflection is chosen, the background is considered 
by addition of a constant into each simulated point. The 
method uses three beam surface reflections in order to pro- 
vide the necessary intensity for the measurements as well 
as the required sensitivity arising from the Ewald sphere 
geometry involved. Furthermore, the use of these reflec- 
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tions in the all determination provides a very good preci- 
sion in comparison with the value obtained from the usual 
115 asymmetrical reflection method and a better precision 
even when the 224 reflection is used. The method also 
allows us to estimate the mosaic spread for substrate and 
epitaxial layer and the influence of the tilt in the layer RS 
peak position. 
The MD peak profile in the RS is basically simulated 
in terms of the sample mosaic spread, the incident beam 
divergence and the heteroepitaxial system morphology, be- 
sides the normal crystallographic parameters as wave- 
length and layer and substrate lattice parameters. Thus, 
the actual experimental conditions are properly taken into 
account. 
From the tilt measurements one can observe that it 
does not have any relation with the layer thickness, the 
tetragonal layer distortion and, with the layer mosaic 
spread. But, as all samples have the same miscut angle with 
the same orientation then, a detailed study should be un- 
dertaken to investigate the influence of the miscut direction 
on the azimuthal rotation of the tilt direction. Moreover, 
those samples (1) and (2) grown at higher temperature 
show the biggest tilt values. Then, the only possible con- 
clusion is that in case of the GaAs/Si(OOl ) the tilt should 
be related to the growth temperature. 
Although in this application just GaAs/Si samples 
have been analyzed, the applicability of the method to 
other heteroepitaxial systems has to be tested in each case. 
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